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ABSTRACT 
The r e s u l t s  of a f u r t h e r  study t o  develop an improved r a d i a t i o n -  
Included are t h e  r e s u l t s  of a t h e o r e t i c a l  computer evalu- 
r e s i s t a n t  s o l a r  c e l l  by the  inco rpora t ion  of an electrical f i e l d  are 
descr ibed.  
a t i o n ,  d r i f t  f i e l d  f a b r i c a t i o n  experiments,  and r a d i a t i o n  damage data .  
The r a d i a t i o n  damage d a t a  shows t h e  r e s u l t s  of s a t u r a t i o n  c u r r e n t  
and t h e  d iode  equa t ion  A f a c t o r  change as a r e s u l t  of i r r a d i a t i o n  on 
a sample group of cells. 
cells  are a l s o  g iven  under tungs ten  and s u n l i g h t  i l l umina t ion .  
The degrada t ion  c h a r a c t e r i s t i c s  of t h e s e  
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1. INTRODUCTION 
The t e c h n i c a l  o b j e c t i v e s  of t h i s  c o n t r a c t  were t h r e e f o l d .  One 
o b j e c t i v e  w a s  t o  extend t h e  previous e f f o r t s  conducted i n  t h e o r e t i c a l  
s t u d i e s  on  d r ' i f t  f i e l d  solar c e l l s  (Refs. 1 and 2).  
examine t h e  p o s s i b i l i t i e s  o f  changing t h e  d r i f t  f i e l d  conf igu ra t ions  
i n  o r d e r  t o  f u r t h e r  dec rease  t h e  r a t e  of deg rada t ion  of s h o r t - c i r c u i t  
c u r r e n t  o f  s o l a r  cel ls  when exposed t o  e n e r g e t i c  p a r t i c l e  bombardment. 
I n  a d d i t i o n ,  t h e  problem of open-c i r cu i t  v o l t a g e  deg rada t ion  w a s  
i n v e s t i g a t e d  s i n c e  t h i s  parameter i s  important  i n  determining t h e  end- 
o f - l i f e  ou tpu t  power ob ta inab le  from such c e l l s .  So la r  cel ls  f a b r i -  
c a t e d  i n  accordance w i t h  these  t h e o r i e s  were submitted t o  t h e  tech- 
n i c a l  monitor f o r  radiation-damage t e s t i n g .  
Aiiothei was to 
Severa l  parameters c o n t r i b u t i n g  t o  o p e n - c i r c u i t  v o l t a g e  degrada- 
t i o n  w e r e  i n v e s t i g a t e d  on a group of c e l l s  p r i o r  t o  and a f t e r  i r r a d i a -  
t i o n .  These included s a t u r a t i o n  c u r r e n t s ,  "A" f a c t o r s  and c u r r e n t  
v e r s u s  v o l t a g e  c h a r a c t e r i s t i c s  i n  s u n l i g h t  and tungs t en  i l l u m i n a t i o n .  
C e l l s  o f  t h r e e  types were f a b r i c a t e d  from 1, 10, and 25 ohm-cm 
s t a r t i n g  s i l i c o n  material. The b a s i c  p rocess  employed a d i f f u s e d  d r i f t  
f i e l d  i n  t h e  base m a t e r i a l  and a l o w - r e s i s t i v i t y ,  e p i t a x i a l  l a y e r  on 
t h e  back s i d e  o f  t h e  c e l l  adding t o  i t s  th i ckness  and s t r e n g t h .  
S i n t e r e d ,  s i l v e r - t i t a n i u m  c o n t a c t s  and s i l i c o n  monoxide, a n t i r e f l e c t i o n  
c o a t i n g s  were employed. 
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2 .  THEORY OF DRIFT FIELD CONFIGURATION 
The da ta  necessary  t o  program t h e  computer f o r  numerical  s o l u t i o n  
of  t h e  diode c o n t i n u i t y  equat ion  was submit ted t o  the  t e c h n i c a l  
monitor .  This p re sen t  s o l u t i o n  t akes  i n t o  account  a h igh  d r i f t  f i e l d  
toward t h e  back o f  t h e  c e l l ,  whereas prev ious  work on a s o l u t i o n  con- 
s i d e r e d  a high d r i f t  f i e l d  toward t h e  f r o n t  o f  t h e  c e l l  (Ref. 2 ) .  
This  requi red  a change i n  t h e  boundary cond i t ions  necessary  f o r  evalua-  
t i o n  of t h e  v a r i o u s  cons t an t s  i n  the  s o l u t i o n .  The d a t a  and t h e  condi- 
t i o n s  necessary f o r  programming a r e  g iven  i n  t h e  appendix of  t h i s  
r e p o r t .  (The r e s u l t s  a r e  shown i n  F ig .  1.) 
I n  comparing t h i s  t o  the  r e s u l t s  ob ta ined  by EOS under NASA 
Contrac t  NAS5-3560 (Ref. 1) which assumed a h igh  f i e l d  toward t h e  
f r o n t  of the c e l l  (Fig.  2), i t  would be r easonab le  t o  assume t h a t  a 
more e f f i c i e n t  c e l l  r e s u l t s  by u t i l i z i n g  a h igh  f i e l d  s t r e n g t h  near  
t h e  junc t ion ,  a l though t h i s  was no t  i n t u i t i v e l y  obvious.  The two 
types  of f i e l d  p r o f i l e s  considered f o r  t h e  c a l c u l a t i o n s  of  c u r r e n t  
c o l l e c t i o n  e f f i c i e n c y  are shown i n  Fig.  3. Case I assumes a l i n e a r  
change o f  f i e l d  s t r e n g t h  through t h e  a c t i v e  base r eg ion ,  w i t h  t h e  
h i g h e s t  f i e l d  a t  t he  p-n junc t ion .  Case I1 aga in  assumes a l i n e a r l y  
changing f i e l d ,  bu t  w i t h  the  h igh  f i e l d  a t  t h e  back of t he  a c t i v e  
r eg ion .  It should be noted he re  t h a t  i f  t h e  f i e l d  i s  formed by a long 
d i f f u s i o n  of a n  acceptor - type  dopant i n t o  p- type base material  from 
t h e  back,  the impur i ty  d i s t r i b u t i o n  be ing  an e r f c ,  a f i e l d  p r o f i l e  
approaching Case I i s  a t t a i n e d .  Also,  t h e  average f i e l d  s t r e n g t h  
(assuming a 10 r a t i o  i n  t h e  number o f  impur i t i e s )  i s  approximately 
0 . 3 / w  v o l t s  cm , where w i s  t h e  f i e l d  wid th .  This would g ive  a f i e l d  
va ry ing  l i n e a r l y  from ze ro  t o  0.6/w v o l t s  c m  . A l s o ,  f o r  t h e  purpose 
of  approximation, bo th  p and T were assumed t o  dec rease  l i n e a r l y  wi th  
p o s i t i o n  as one proceeds toward t h e  h e a v i l y  doped p o r t i o n s  o f  t h e  base  
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region. These assumptions also can be justified by considering both 
p and T to be valued low in the low resistivity material at the back 
of the cell and increasing to higher values in the high resistivity 
material at the front of the cell (Ref. 2) .  In comparing the results 
of the calculation as shown in Figs. 1 and 2 ,  no vast difference is 
seen between the two cases, although a smaller optimum field width 
and lower ba$e collection efficiency is predicted for Case 11. The 
sample cells fabricated during the course of the contract were 
designed in light of this investigation. 
I 
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3. CELL FABRICATIOK 
3.1 D r i f t  F i e l d  Diffusion 
S o l a r  ce l l  b l anks ,  1 x 2 cm,  p- type,  and of 1, 10, and 25 
ohm-cm r e s i s t i v i t y  w e r e  i n i t i a t e d  through t h e  process  of d r i f t  f i e l d  
f a b r i c a t i o n .  This w a s  performed by d e p o s i t i n g  boron w i t h  a s u r f a c e  
c o n c e n t r a t i o n  of approximately 7 x 10 
s i d e  of t h e  blanks and d i f f u s i n g  them a t  a temperature  of 1300 C f o r  
a per iod of 64 hours .  
b u t i o n ,  a f i e l d  dep th  o f  approximately 80 microns should have r e s u l t e d .  
This  w a s  v e r i f i e d  by eva lua t ing  1 ohm-cm n-type c o n t r o l  s l ices ,  
processed a long  w i t h  t h e  p-type b l anks ,  by ang le  s e c t i o n i n g  and s t a i n  
e t c h i n g ,  which r e s u l t e d  i n  a junc t ion  d e p t h  o f  approximately 90 microns, 
confirming t h e  t h e o r e t i c a l  c a l c u l a t i o n s  t o  an  e r r o r  o f  w i t h i n  10 pe rcen t .  
19 atoms/cm3 on one pol ish-etched 
0 
Assuming a complementary e r r o r  f u n c t i o n  d i s t r i -  
3.2 D r i f t  F i e l d  Evaluation 
Seve ra l  samples o f  t h e  p-type d i f f u s e d  blanks were evaluated 
by success ive  e t c h i n g  and 4-point-probe measurements. The r e s u l t i n g  
impuri ty  c o n c e n t r a t i o n  p r o f i l e  v e r s u s  t h e  t h e o r e t i c a l  curve i s  shown 
i n  F ig .  4.  The t h e o r e t i c a l  value of s u r f a c e  c o n c e n t r a t i o n ,  1.2 x 10 
atoms/cm3, w a s  ob ta ined  by the measurement of s h e e t  r e s i s t a n c e  and 
j u n c t i o n  dep th  on t h e  c o n t r o l  s l i c e s  (Ref. 3). It should be noted 
t h a t  t h e  s u r f a c e  concen t r a t ion  had dropped from t h e  i n i t i a l  f i g u r e  of 
7 x lo1’ t o  t h e  lower f i g u r e  during t h e  long d i f f u s i o n  per iod.  
should a l s o  be noted t h a t  t h i s  lower va lue  of s u r f a c e  concen t r a t ion  was 
v e r i f i e d  by t h e  success ive  etch-and-probe technique.  However, the 
anomalous r e s u l t  obtained i n  t h e  6 0 - t o  90-micron r e g i o n  of t h e  d i f f u s e d  
f i e l d  cannot be adequately explained.  It i s  p o s s i b l e  t h a t  because of 
t h e  c l o s e  proximity of t h e  back o f  t h e  s l i ce  t o  t h e  probe, as t h e  
sample became t h i n n e r ,  i naccurac i e s  i n  probe measurement were obtained.  
No probe c o r r e c t i o n  f a c t o r  w a s  a p p l i e d .  
19 
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3.4 Epitaxiai Growths 
The pass ive  r eg ion  a t  t h e  back of  t h e  c e l l  w a s  grown by 
convent ional  e p i t a x i a l  techniques using t h e  hydrogen r educ t ion  of 
s i l i c o n  t e t r a c h l o r i d e .  
growth appa ra tus  .) The growths were of low r e s i s t i v i t y  (approximately 
0.005 ohm-cm), and the doping performed by a d d i t i o n  of boron t r i b r o -  
The f i r s t  
(Figure 5 shows a schematic diagram of t h e  
- 4 A r  U A U - 6.- cu the s i l i ~ c r ;  t e t r a c h l o i i d s  ir; the babbl ing b a t t l e .  
growths at tempted were not  o f  good, s i n g l e  c r y s t a l l i n e  q u a l i t y ,  and 
y ie lded  c e l l s  wi th  poor e l e c t r i c a l  c h a r a c t e r i s t i c s .  
performed on t h e  n-type sur faces  of t he  c e l l s  f a b r i c a t e d  from these  
f i r s t  growths d isp layed  d i s l o c a t i o n  p i t s ,  s i n g l y ,  i n  c l u s t e r s ,  and i n  
long l i n e s  of t h e  top  su r faces .  These imperfec t ions  are thought t o  be 
because of p l a s t i c  deformation of t h e  s i n g l e  c r y s t a l l i n e  l a y e r s .  This 
was a t t r i b u t e d  t o  thermal  c o e f f i c i e n t  of expansion d i f f e r e n c e s  between 
t h e s e  and t h e  imperfec t  growths. La ter  r u n s  y i e lded  much b e t t e r  c e l l 0  
and d i s l o c a t i o n  e t c h i n g  d i d  not d i s p l a y  l a r g e  numbers of e t c h  p i t s .  
D i s loca t ion  e t ches  
3.4 Junc t ion  Diffusion 
Af te r  lapping and po l i sh  e t ch ing  of t h e  p-type d i f f u s e d  
samples t o  the  edge of t h e  field reg ion ,  an n-type l aye r  was formed on 
t h e  top su r face  by phosphorous d i f f u s i o n  forming the  p-n junc t ion .  
This  d i f f u s i o n  was performed a t  a temperature of 930 C f o r  a per iod of 
30 minutes ,  y i e l d i n g  an 0.3-  t o  0.4-micron deep pdn junc t ion  i n  the  
1 ohm-cm s u b s t r a t e .  The junc t ion  depth  w a s  v e r i f i e d  by convent ional  
ang le  s e c t i o n i n g  and s t a i n  e tch ing  techniques.  
0 
3.5 Contact App l i ca t ion  and A n t i r e f l e c t i o n  Coat ing  
Af te r  removal of t h e  ox ide  l aye r  formed by t h e  phosphorous 
d i f f u s i o n ,  g r id - type  c o n t a c t s  of s i n t e r e d  s i l v e r - t i t a n i u m  were appl ied  
t o  t h e  c e l l s .  Approximately 200 t o  300A of  t i t an ium and 15 t o  20 
microns bf  s i l v e r  wns evaporated onto  t h e  samples through a s u i t a b l e  
g r i d  mask. The s i n t e r i n g  w a s  performed a t  a temperature  of 73OoC f o r  
a per iod  of 3 minutes .  Af t e r  s u i t a b l e  masking, t h e  edges of t he  c e l l s  
6973-Final 9 
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were etched in a hydrofluoric-nitric acid solution to remove the 
evaporated metal and to clean the junction periphery. Antireflection 
coatings were applied by vacuum evaporation of silicon monoxide. The 
coating thickness was optimized for sunlight illumination. 
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4 .  CELL EVALUATION 
Spectral responses were taken on a few selected cells of the 
1 ohm-cm type, employing a modified Perkin-Elmer Model 13 monochrom- 
a t o r .  Tf-, d d b  -X phtted 0" bet!? 8 constant energy and a constant- 
photon basis, with the peak in the constant-energy case occurring at 
approximately 7000A. 
too low a lifetime for consideration as drift field cell material. 
Spectral response measurements taken on representative samples of 
10 ohm-cm cells indicated the peak response to occur at approximately 
7 5 0 0 i  to 80001. 
This indicated that 1 ohm-cm material possessed 
I-V characteristics taken under tungsten illumination showed the 
1 ohm-cm cells to have conversion efficiencies between 5 to 7 percent 
and the 10 and 25 ohm-cm cells to have conversion efficiencies in the 
6 to 8 percent range. The results are shown in Tables Ia to IC. The 
tungsten light was calibrated with an n on p standard cell, and con- 
sequently the efficiencies are low. However, in sunlight illumination, 
the efficiencies increased by 15 to 23 percent. (See Table 11.) The 
reason for this is that the peak response of the drift field cells 
occurs at about 7500 to 8000A if considered on a constant energy basis. 
In order to investigate the open-circuit voltage degradation 
question, the saturation currents on several sample cells were 
determined. This was done by measuring the slope of current versus 
voltage in the 0 to +5 millivolt region, with the cell in complete 
darkness. The shunt resistance of the cell was determined by con- 
sidering the slope of the voltage versus current in the 0 . 5  to 1.5V 
region. The procedure for determination of I can be explained by 
considering the following equations: 
0 
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. 
m I n 7  LADLE Ia 
TUNGSTEN EFFICIENCIES AND SHORT-CIRCUIT CURRENT 
OF CELLS FABRICATED FROM 1 OHM-CM MATERIAL 
Eff ic iency  I,, i n  amps Eff ic iency  I,, i n  amps 
C e l l  No. i n  Percent 10-3 C e l l  No. i n  Percent 10-3 
E54-5a 5.2 29.5 E54-8a 6.8 30.0 
E54-SZ! . 5.5 26.0 E54-8b 6 - 4  29 .O 
E54- 7b 6.4 30.0 E54-8c 5.7 27 .O 
E54-7c 6 -3  28.5 E54-9a 6.4 29 .O 
E54- 7d 6.5 30.0 E54-9b 5.9 28.5 
C e l l  No. 
E55-la 
E55-lb 
E55-lc 
E55-2a 
E55-2b 
E55-2c 
E55-2d 
E55-3a 
E55-3b 
E55-4b 
E56-la 
E56-ld 
E56-lf 
E56-2a 
E56-2b 
E56-2c 
TABLE I b  
TUNGSTEN EFFICIENCIES AND SHORT-CIRCUn CURRENT 
OF QEUS FABRICATED FROM 10 OHM-CM MATERIAL 
Eff ic iency  
i n  Percent 
6.9 
8.2 
6.8 
6.7 
6.5 
6.7 
7.0 
6.1 
6.9 
6.4 
8.1 
6.7 
6.5 
7 .O 
7.4 
7.5 
I,= i n  amps 
10-3 
32.0 
37.5 
32.5 
28.5 
29 .O 
29 .O 
31 .O 
26.5 
29.5 
26.5 
37.0 
32.0 
30.0 
30.5 
33.5 
31.5 
C e l l  No. 
E56-2c 
E56-2f 
E56-3d 
E56-4a 
E56-4c 
E56-3a 
E56- IC 
E57-1 
E57-2 
E57-3 
E57-4 
E57-5 
E57-6 
E57-7 
E57-9 
E57- 10 
Eff ic iency  
i n  Percent 
7 . 1  
7 .O 
6.6 
7 .8  
7 .O 
6.8 
6.9 
6.7 
6.9 
6.4 
6.5 
7 . 7  
7 .O  
7.5 
6.1 
7.1 
I,, i n  ayps 
x 10- 
32.5 
33.5 
31.5 
34.5 
31.5 
31 .O 
31.5 
35.5 
33.0 
30.0 
29.5 
36.5 
36.0 
34.5 
31 .O 
35 .O 
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C e l l  N o .  
E58- 1 
E58-2 
E58-3 
E58-4 
E58-5 
E58-6 
E58-7 
E58-8 
E58- 9 
E58-10 
E58-11 
E58-12 
E58-13 
E58-14 
E58-15 
TABLE IC 
TUNGSTEN EFFICIENCIES AND SHORT-CIRCUIT CURRENT 
OF CELLS FABRICATED FROM 25 OHM-CM MATERIAL 
Efficiency 
in  Percent 
7.6 
7.6 
8 . 2  
7 .5  
7.8 
6.9 
7.8 
5 .5  
7.4 
6.1 
5 . 7  
6.5 
7.4 
7 .O  
7.4  
Is, i n  amps 
10-3 
36 .O 
39.5 
41.5 
35.5 
39 .o 
30.0 
37.5 
29 .O  
39.0 
35 .O 
30.5 
35.5 
39 . O  
36 .O 
39.5 
C e l l  No. 
E58-16 
E58- 1 7  
E59-1 
E59-3 
E59-5 
E59 -6 
E59-7 
E59-8 
E59 -9 
E59-10 
E59-11 
E59-12 
E59-135 
E59- 155 
Eff ic iency  
i n  Percent 
5.5 
7.9 
7 .2  
6 .3  
6.4 
6.7 
5.9 
7 . 7  
7.4 
7 .O 
6.4 
6.8 
7.5 
6.6 
I,, i n  amps 
10-3 
28.5 
38.5 
37 . O  
31 .O  
34.5 
33.5 
32.0 
36.5 
34 .O  
35.5 
35 .O 
34.5 
38.0 
38.0 
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where 
- 
IO 
v =  
- 
RSH 
4 =  
K =  
T =  
The A 
I = I exp (g) - + V 0 
- -  d I  1 
dV - I o  KT 
s a t u r a t i o n  c u r r e n t  
o u t p u t  v o l t a g e  
shunt  r e s i s t a n c e  
e l e c t r o n i c  charge 
B o  1 tzmann ' s cons t an t  
temperature  i n  K 0 
f a c t o r  was n o t  taken i n t o  account i n  t h e s e  c a l c u l a t i o n s  
s i n c e  even small d e v i a t i o n s  from A = 1 would a f f e c t  only small 
d i sc repanc ie s  i n  the  c a l c u l a t i o n  of I . The v a l u e s  of I obtained 
be fo re  and a f t e r  i r r a d i a t i o n  w i t h  10 
0 1& lp, eV e l e c t r o n s  cm-2 a r e  l i s t e d  
i n  Table 111. 
However, i n  e v a l u a t i n g  t h e  t o t a l  power a v a i l a b l e  from t h e  c e l l  a t  
t he  maximum power p o i n t ,  t h e  A f a c t o r  becomes important i n  determining 
t h e  c u r r e n t  f lowing i n t e r n a l l y  i n  the c e l l .  This can be shown by 
cons ide r ing  t h e  diode equa t ion :  
The bracketed term r e p r e s e n t s  t h a t  p o r t i o n  of the c u r r e n t  d i s s i p a t e d  
i n t e r n a l l y  s u b t r a c t i n g  from t h e  l i g h t  generated c u r r e n t  I As t h e  
A f a c t o r  decreases  i n  the exponen t i a l  term, the  t o t a l  IL d e l i v e r e d  t o  
the o u t s i d e  c i r c u i t  of  the c e l l  becomes less and t h e  power of t h e  c e l l  
d e t e r i o r a t e s ,  t h i s  being i n  a d d i t i o n  t o  t h e  l o s s  of I due t o  a decrease 
of  c o l l e c t i o n  e f f i c i e n c y .  
L '  
L 
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TABU3 I11 
Io OF 10 O H M C M  CELLS BEFORE AND AFTER IRRADIATION 
I, Before I, After 
C e l l  No. Irrad ia t ion  in  Amps I r r a d i a t i o n  in  Amps 
E56-la 
E56-ld 
E56- l f  
E56-2a 
E 56 -2b 
E 56 - 2 ~  
E 56 -2d 
E 56 -4a 
E 56 - 4 ~  
1.15 
1.81 x 
3.68 x 
2 . 8  x lod8 
4 . 3  x 
5 . 2  x lo-* 
3 . 9  x 
5.6 x 
3 . 9  x 
1 .6  
8 . 2  
1.0 lod7 
4.7 
1 . 3  
3 .1  x 
3 . 3  x 
7 . 5  x 
6 . 0  x 
6973 -F ina 1 17 
Consequently, A f a c t o r s  were determined be fo re  and a f t e r  
i r r a d i a t i o n  on t h e  same group o f  c e l l s  on which I measurements had 
been taken. The c a l c u l a t i o n s  were made by measuring t h e  s h o r t  c i r c u i t  
c u r r e n t  I and open c i r c u i t  vo l t age  V a t  v a r i o u s  l i g h t  i n t e n s i t i e s  
and s u b s t i t u t i n g  i n  t h e  r e l a t i o n :  
0 
sc oc 
the  va lue  of I used, being t h a t  which had been determined experimental ly  
a s  mentioned above. The d a t a  i s  shown i n  F i g s .  6 through 14. The gen- 
e r a l  decrease of the A f a c t o r  a f t e r  i r r a d i a t i o n  on a l l  the c e l l s  t e s t e d  
0 
i n d i c a t e s  t h a t  i r r a d i a t i o n  causes a d e t e r i o r a t i o n  n o t  on ly  by t h e  
dec rease  of s h o r t  c i r c u i t  c u r r e n t ,  bu t  a l s o  by an i n c r e a s e  of t h e  i n t e r -  
n a l l y  d i s s i p a t e d  c u r r e n t .  
Tables  I V  and V show r e s u l t s  of c e l l  c h a r a c t e r i s t i c s  under tungs t en  
and sun l igh t  i l l u m i n a t i o n  be fo re  and a f t e r  i r r a d i a t i o n .  
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5.  DISCUSSION OF RESULTS 
The lack  o f  any sys temat ic  r e l a t i o n  between t h e  v a r i o u s  parameters  
of t h e  c e l l s  a l t e r e d  by i r r a d i a t i o n  i n d i c a t e s  t h a t  perhaps the  mech- 
anism of Voc degrada t ion  i s  a random process  va ry ing  wi th  each  i n d i v i d -  
u a l  c e l l ,  o r  t h a t  y e t  another  parameter exis ts  which h a s  n o t  been 
measured on which V i s  dependent .  oc 
However, one s t r i k i n g  f a c t  i s  ev iden t  concerning t h e  A f a c t o r ,  
t h a t  i s ,  t h a t  a l though t h e  shape of t h e  A f a c t o r  v e r s u s  Voc curve i s  
e s s e n t i a l l y  s i m i l a r  be fo re  and a f t e r  i r r a d i a t i o n ,  t h e  va lues  of t h e  
A f a c t o r  on a l l  t h e  c e l l s  measured decreased .  S ince  t h e  d r i f t  f i e l d  
c e l l s  used i n  t h e s e  experiments  a r e  of a h i g h l y  exper imenta l  n a t u r e ,  
i t  i s  suggested f u t u r e  work on r a d i a t i o n  damage t o  s o l a r  c e l l s  inc lude  
an eva lua t ion  o f  Io and A f a c t o r  changes.  
Also ,  the d a t a  presented  inc ludes  only  t h e  r e s u l t s  on t h e  10 ohm-cm 
base  c e l l s .  The r e s u l t s  of  i r r a d i a t i o n  on t h e  25 ohm-cm c e l l s  were n o t  
a v a i l a b l e  a t  t h e  t i m e  of w r i t i n g  of t h i s  r e p o r t .  
6973 -Fina 1 30 
8 
1 
1 
8 
I 
8 
I 
8 
I 
I 
I 
1 
B 
I 
I 
I 
1 
REFERENCES 
1. Final Report, "Development of an Improved Radiation Resistant 
Solar Cell," work p r f o r n e d  by Electro-Optical Systems for NASA, 
Contract No. NAS5-3560 
from Radiochemical and Conductivity Measurements ," J. Phys. Chem. 
S o l i d s ,  V o l .  16, 1960, pp. 279-284 
in Silicon,'' Bell Telephone Systems Monograph No. 4092 
2. K. B. Wolfstirn, "Hole and Electron Mobilities in Doped Silicon 
3. J. C. Irwin, "Resistivity of Bulk Silicon and of Diffused Layers 
6 9 7 3 - Fina 1 31 
APPENDIX 
SOLAR CELL CONTINUITY EQUATION FOR DRIFT FIELD CELLS 
( w i t h  a h i g h  field a t  the back of the ce l l )  
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D r .  P. H .  Fang 
National Aeronautics and Space A b i z i s t r a t i o n  
Goddard Space F l igh t  Center 
Greenbelt ,  Maryland 
Dear D r .  Fang: 
Enclosed i s  the  da ta  necessary t o  solve t h e  s o l a r  c e l l  con t inu i ty  equa- 
t i o n  for  d r i f t  f i e l d  ce l l s ,  wi th  a high f i e l d  a t  t he  back of the  c e l l .  
The previous so lu t ion  considered a high f i e l d  a t  the  f r o n t  of the  c e l l .  
The equation governing the  a c t i v e  or  d r i f t - f i e l d  region of the  
ce l l  : 
becanes : 
KT 2 -(C kT + Px) 2 + [P (T) + + (c + Px,] 2 + 
dx W q 
j= l  
upon s u b s t i t u t i o n  of the following i d e n t i t i e s  again assuming a 
l i n e a r  change i n  x of the va r i ab le s :  
6973 -Fi= 1 1 
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2 -1 p = C + Px, m o b i l i t y  of e l e c t r o n s  i n  c m  sec v o l t  
-1 L!E = P i n  cm sec  vo l t - '  dx 
1 
(C1 + Px) , d i f f u s i o n  cons t an t  of e l e c t r o n s  by 
E i n s t e i n  i n  r e l a t i o n  i n  c m 2  sec-' 
kT 
= %) = 
- -  dD - ~ ( 5 )  i n  c m sec -1 
dx 
T = e l e c t r o n  minor i ty  c a r r i e r  l i f e t i m e  i n  secs 
0 . 6 ~  -1 E = - = f i e l d  i n  v o l t s  c m  where w i s  t h e  boundary between 
t h e  a c t i v e  ( d r i f t  f i e l d )  and p a s s i v e  r eg ions  2 W 
-2 
'e6 i n  v o l t s  c m  dE dx 2 
- = -  
W 
The equat ion  governing t h e  p a s s i v e  l a y e r  toward t h e  back of t h e  c e l l  i s  
'1 
n - - - -  - 0  dLn 
dx 2 DT 
assuming p t o  be cons t an t ,  E t o  be  ze ro  and t h e  f o r c i n g  term 
0 
- S  
t o  be n e g l i g i b l e .  The s o l u t i o n  i s  
Ae-X/L + B e  where L2 = DT 
(3) 
( 4 )  
where B = 0 s i n c e  n -.) 0 a s  x -.) O D .  
For e v a l u a t i o n  of the  c o n s t a n t s  A1 and B1 i n  any s o l u t i o n  of Eq. 1, 
w e  can a g a i n  descr ibe  t h e  gene ra l  s o l u t i o n  of Eq. 1 as :  
69 7 3 -F ina l  2 
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and t h e  s o l u t i o n  of Eq. 3 a s  
1. 
2. 
3 .  
Considering t h e  j u n c t i o n  a s i n k  f o r  c a r r i e r s :  
n(x.)  = 0 
J 
so t h a t  
(7) 
nl(xj)  = A f (x.) + B f (x.) + f (x . )  = 0 ( 8 )  1 1  J 1 2  J 3 J  
Prese rv ing  c o n t i n u i t y  of c a r r i e r s  a t  x = w: 
P rese rv ing  c o n t i n u i t y  of c a r r i e r  f l o w  a t  x = w: 
The second t e r m  i n  t h e  l e f t  member comes about because of t h e  d i s -  
c o n t i n u i t y  of t h e  f i e l d  s t r e n g t h  a t  x = w .  The c a r r i e r s  i n  the  
immediate v i c i n i t y  of 
a f f e c t e d  no t  only by d i f f u s i o n ,  bu t  a l s o  by the  s t r o n g  f i e l d .  
x = w i n  t h e  f i e l d  r eg ion  (region 1) a r e  
0.6 - 
W 
E T 
0 
69 7 3 -Fi= 1 
Region 1 
X 4  
3 
j 
X x = w  
S u b s t i t u t i n g  E q s .  5 and 6 i n t o  Eq. 9:  
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and t h e  d e r i v a t i v e s  of  Eqs.  5 and 6 i n t o  Eq. 10: 
and by so lv ing  out of A and rearrangement o f  terms w e  ob ta in :  2 
This  p l u s  a rear ranged  form of Eq. 8: 
a r e  two l i n e a r  equat ions  of  two unknowns which aga in  can be so lved  by 
determinants  y ie ld ing:  
- 
A1 - 
f ( x )  f x 1 j  2 j  
and B = 1 
I 
The numbered bracke ts  corresponding t o  t h e  numbered b racke t s  i n  Eq. 13. 
For purposes of programming, i t  should be  noted t h a t  t he  only d i f f e r e n c e s  
t h a t  e x i s t  between t h i s  s o l u t i o n  and t h e  prev ious  s o l u t i o n  a r e  t h e  a l t e r e d  
expres s ions  f o r  E and dE/dx i n  t h e  l i n e a r i z e d  form of t h e  c o n t i n u i t y  equat ion  
and t h e  a l t e r e d  form o f  t h e  bracke t  3 term i n  t h e  determinant  s o l u t i o n  f o r  A 
and B1. 1 
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Although t h e  numerical values a r e  the  same a s  i n  t h e  previous w o r k ,  I 
re i te ra te  them here  f o r  completeness: 
8 
I 
I 
1 
8 
I 
1. For t h e  Gaussian quadrature eva lua t ion  of the  forc ing  in t eg ra l :  
N 
-1 -2 -1 -1 
4 
4 
3 
3 
3 
A ( i n  p )  0.33R ( i n  p) CY ( i n  cm ) ( i n  cm p sec  ) 
1 7  
17 
1 7  
1 7  
17  
1 7  
1 7  
17  
1 7  
1 7  
3.9 x 10 
5 .0  x 10 
5.2 x 10 
5.4 x 10 
5.0 x 10 
1. 0 -429 2.20 x 3.7 x 10 
2 .  0.465 4.92 x 2.0  x 10 
3. 0.526 7.23 x 9.0 x 10 
4 .  0.607 8.88 x 4.3 x 10 
5. 0.701 9.77 x 2.2 x 10 
6. 0.799 9.77 x 1.03 lo3 4.5 x 10 
4.1 x 10 2 7 .  0.893 8.88 x 4.5 x 10 
3 .7  x 10 8. 0.974 7.23 x 1.56 x 10 
9.  1.035 4.92 x 42 .O 3.5 x 10 
10. 1.071 2.20 x 1 7  .O 3.5 x 10 
2 
2 .  For the  cons tan ts  a t  30OoK: 
kT 
q 
2 -1 -1 - 0.026, & = 38.5, C1 = 1500 cm sec v o l t  - -  
3. For the  var iab les :  
25p wide d r i f t  f i e l d  
3 w = 2.5 x 10- cm I 
5 -1 P = - 5.8 x 10 cm sec 
-3 a t  x = w = 2.5 x 10 cm 
-6 
T = 10 secs 
= 3 x secs 
-7 
= 10 secs 
= 3 x 10 secs  
a t  x = x = 5 x cm 
j 
-8 
= 3 x secs 
= 10 secs 
= 3 x secs 
-6 
I 
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E 
7 = 10 secs  1 
= 3 x 10- secs  6 
-5 a t x = x  = 5 x 1 0  cm 
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- 3  a t x = w = 6 x 1 0  cm 
7 = secs  
= 3 x secs  
-7  = 10 secs  
5% wide d r i f t  f i e l d  
w - 5 x 1 0  c m  
P = -2 .9  x 10 cm sec 
- 3  
5 -1 
I 
6Op wide d r i f t  f i e l d  I 
w = 6 x lo-’ cm 
P = -2 .4  x 10 cm sec 5 -1 
1 
I 
- 3  I 
I 
5 -1 P = -1.8 x 10 cm sec  
I a t x = w = 8 x 1 0  cm 
7 = 10-6 secs  
-7 = 3 x 10 secs 
- 7  = 10 secs  
= 3 x 10 secs  
-5 a t x = x  = 5 x 1 0  cm 
J 
j 
-8 
= secs  
= 3 x 10 secs  
= 10 secs  
= 3 x secs  
-6 
- 6  
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l o @  wide d r i f t  f i e l d  
w = 10 c m  
P = -1.45 x lu cm sec 
T = 10 secs  
-2 
,5 -1 
a t  x = x = 5 x cm 1 j -5 = 3 x secs  = secs  
= 3 x secs j 
12% wide d r i f t  f i e l d  
w = 1.25 x 
P = -1.16 x 10 cm sec 
-5 
T = 10 secs  
= 3 x 1 0  -6 secs  1 
= 10-6 secs  
5 -1 
-5 a t x = x  = 5 x 1 0  cm 
j 
15@ wide  d r i f t  f i e l d  
w = 1.5 x c m  
P = -9.7 x 10 
7 = secs  
4 cm sec-' 
-5 a t x - x  = 5 x 1 0  cm 
-6 j = 10 secs  
I = 3 x secs  .J 
1 -6 T = 10 secs  
= 3 x secs  
-7 
= 10 secs  
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-2 a t  x = w = 10 cm 
-2 a t  x = w = 1.25 x 10 cm I -6 T = 10  secs  = 3 x secs  -7 = 10 secs  = 3 x 10 secs  -8 
-6 
T = 10 secs  
-7 = 3 x 10 secs  
-7 
= 10 secs  
= 3 x secs  
-2 ba t  x = w = 1 .5  x 10 cm 
E 
S 
204L wide d r i f t  f i e l d  
-2 w = 2 x 1 0  cm 
P = -7.25 x 10  c m  sec  
T = 10  secs 
4 -1 
-5 a t x = x  = 5 x 1 0  c m  'I j 
-5 
- 6  
= 3 x 10 s e c s  
= 10  s e c s  
= 3 x 10 s e c s  J 
- 6  
- 7  
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= 10 ' s e c s  I 
P l e a s e  have the computer p r i n t  ou t  the  i d e n t i c a l  information t o  t h a t  r ece ived  
from the  previous s o l u t i o n .  This w i l l  a f f o r d  a d i r e c t  b a s i s  of comparison 
between the  t w o  t ypes  of c e l l s ,  h igh f i e l d  i n  f r o n t  and high f i e l d  i n  back.  
We a r e  a l s o  a t  p re sen t  p repa r ing  o t h e r  da t a  which inc ludes  d i f f e r e n t  l i f e t i m e ,  
mob i l i t y  and f i e l d  d i s t r i b u t i o n  and t h i s  w i l l  be submit ted a s  soon a s  i t  i s  
compiled. However, i t  would be i n t e r e s t i n g  t o  no te  t h e  r e s u l t s  of t h e  p re sen t  
s o l u t i o n  before  anything f u r t h e r  is  f i n a l i z e d .  
E i t h e r  Steve or I hope t o  s e e  you a t  t h e  Pho tovo l t a i c  S p e c i a l i s t s  Conference 
t h e r e  a t  Goddard i n  October .  
Sincere  1 y , 
ELECTRO-OPTICAL SYSTEMS, I N C .  
G.  P. Rol ik ,  Engineer 
Aero space E l e c t r o n i c s  Divis ion 
GPR: s l  t 
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